We address the question of whether or not the positions of protein-binding sites on homologous protein structures are conserved irrespective of the identities of their binding partners. First, for each domain family in the Structural Classification of Proteins (SCOP), protein-binding sites are extracted from our comprehensive database of structurally defined binary domain interactions (PIBASE). Second, the binding sites within each family are superposed using a structural alignment of its members. Finally, the degree of localization of binding sites within each family is quantified by comparing it with localization expected by chance. We found that 72% of the 1847 SCOP domain families in PIBASE have binding sites with localization values greater than expected by chance. Moreover, 554 (30%) of these families have localizations that are statistically significant (i.e., more than four standard deviations away from the mean expected by chance). In contrast, only 144 (8%) families have significantly low localization. The absence of a significant correlation of the binding site localization with the average sequence and structural conservations in a family suggests that localization can be helpful for describing the functional diversity of protein-protein interactions, complementing measures of sequence and structural conservation. Consideration of the binding site localization may also result in spatial restraints for the modeling of protein assembly structures.
Interactions between proteins play a key role in many cellular processes (Alberts and Miake-Lye 1992; Pawson and Nash 2003) . An important step toward a mechanistic understanding of these processes is a structural description of the interactions within protein complexes (Park et al. 2001; Edwards et al. 2002; Sali et al. 2003) . Studies of both proteins and their assemblies have generally used the domain as the principal unit of a protein (Jones et al. 2000; Spahn et al. 2001; Bashton and Chothia 2002; Janin et al. 2003; Ng et al. 2003; Zhang et al. 2003) . Protein domains are structural units that carry out specific functions and are often identified as the basic evolutionary building blocks that are shuffled, duplicated, and fused during protein evolution (Wetlaufer 1973; Doolittle and Bork 1993; Kolkman and Stemmer 2001) . Given the average length of 466 residues for a yeast protein and 173 residues for a domain in the CATH database, a protein is folded on average into approximately two domains (Chothia et al. 2003; Sali et al. 2003) .
What features make protein-binding sites unique with respect to the rest of the surface? If we knew the answer to this question, we would be closer to solving a number of other problems, such as the identification and characterization of protein functional sites as well as the prediction of assembly structures. Many regularities that are potentially useful for the recognition of proteinbinding sites have been revealed in studies of the physicochemical properties of protein-protein interactions, including size, binding surface area, residue composition, polarity, and hydrophobicity (Tsai et al. 1996 (Tsai et al. , 1997 Larsen et al. 1998; Lo Conte et al. 1999; Jones et al. 2000; Sheinerman et al. 2000; Chakrabarti and Janin 2002; Sheinerman and Honig 2002) . Most protein-binding sites are flat (Jones and Thornton 1996) . To form an interface, the component binding sites are almost always required to be geometrically complementary (Lawrence and Colman 1993) . The sequence and structural conservation of both protein-binding sites and corresponding interfaces have been analyzed for specific families of proteins (Paavilainen et al. 2002; Campbell and Jackson 2003; Ofran and Rost 2003) as well as on a larger scale (Grishin and Phillips 1994; Tsai et al. 1997; Valdar and Thornton 2001; Aloy et al. 2003; Caffrey et al. 2004; Rajamani et al. 2004; Littler and Hubbard 2005) . Some studies suggest that the interface residues are more highly conserved than the rest of the surface (Tsai et al. 1997; Valdar and Thornton 2001; Littler and Hubbard 2005) , while others do not find a significant increase in conservation (Grishin and Phillips 1994; Caffrey et al. 2004 ).
Here we analyzed the degree of localization of proteinbinding sites within families of related proteins. That is, we addressed the question of whether protein-binding sites on homologous proteins share similar relative positions on their surfaces, irrespective of the identities of their binding partners. We found that 72% of the domain families in our sample have binding sites with localization values greater than expected by chance.
In the next section, we quantify the localization of protein-binding sites within families of homologs and correlate it with common measures of sequence and structure divergence. We describe two specific families with highly and poorly localized protein-binding sites. Finally, we analyze the localization of binding sites in multidomain assemblies of known structure.
Results

Domain localization
The sample of binding sites was used to obtain the localization index and its value expected by chance for each SCOP family, as detailed in Materials and Methods. The localization of the protein-binding sites is on average higher than the localization of randomly generated binding sites (Fig. 1A) . In particular, for 72% of the families, the protein-binding sites have greater localization index than expected by chance, with an average localization difference of $0.1. In fact, 554 (30%) families have a significantly greater binding site localization than expected by chance (Z>4.0), and only 144 (8%) families have a significantly low binding site localization (Z<À4.0) (Fig. 1B) . The distribution of the localization index versus domain family size revealed no correlation (data not shown).
Next, for each domain family we estimated the likelihood of a protein-binding site to occur on the cumulative binding map obtained from other known proteinbinding sites in the same family. The jackknife procedure was used (see Materials and Methods). For 50% of the families, the binding site is more likely to be localized on the cumulative binding map (binding site coverage > 0.5) than outside of the map ( Fig. 2A) . On average, a cumulative binding map covers 53% of a new binding site.
The conservation of the location of a new binding site, given the other binding sites in the family, is even more clearly demonstrated by comparing the estimated coverage of known binding sites with the estimated coverage of binding sites generated by chance (Fig.  2B ). In particular, for the randomly generated proteinbinding sites, only 6% of the families have a binding site coverage higher than 0.5; on average, 23% of binding site residues obtained by chance are covered by an existing cumulative binding map.
How well does the conservation of location of protein-binding sites in a family correlate with the sequence and structural similarity among the family members? To answer this question, we compared localization with the following measures of sequence and structural conservation: root-mean-square deviation (RMSD) for C a atoms, overall sequence identity, sequence identity of surface residues, and sequence identity of binding site residues. We found that binding site residues are no more conserved than the whole sequences of the family members (Fig. 3A) , which is consistent with the previous results for a smaller set of proteins (Caffrey et al. 2004) . In contrast to the high correlations among the overall sequence, binding site, and surface identities, the localization difference is not correlated with any of these three parameters (a representative plot is shown in Fig. 3B ; R 2 is 0.19 for the correlation between the overall sequence identity and localization difference), although very similar proteins do tend to have similarly located binding sites and distantly related proteins do not. In addition, the localization difference is not correlated with C a RMSD ( Fig. 3C ; R 2 = 0.15). We also observed no correlation between the localization difference of a family and the number of distinct families that interact with it; the distributions of localization differences for the families interacting with one, two, three, and four, as well as five and more different families are strikingly similar (Fig. 3D ).
Assembly localization
In addition to studying the localization of protein-binding sites within individual domain families, we also obtained the localization index for complete multidomain assemblies using 20,639 assemblies stored in PIBASE, our comprehensive database of structurally defined binary domain interactions. The analysis included assemblies with 2-72 domains from 1 to 14 distinct families. The assembly localization index varies from À0.46 to 0.59 (Fig. 4A) . PIBASE is mostly The distributions of localization differences for families interacting with one, two, three, and four, as well as five and more distinct families, are similar to each other. populated with assemblies containing domains from one to six distinct families with an average assembly localization index of 0.04. The distribution of the assembly localization index narrows with an increase in the number of distinct domain families, although the distributions have approximately the same mean values (Fig. 4B) . The highest and lowest localization values occur for homo-oligomers, mainly dimers (Fig. 4 ). Sample assemblies with both a high assembly localization index and a large number of domains are listed in Table 1 .
Here we present families from the two extremes of the localization distribution:
Example 1: Acyl-CoA dehydrogenase We first surveyed the NM domains of acyl-CoA dehydrogenases (SCOP id e.6.1.1), a family of mitochondrial flavoproteins involved in the catabolism of fatty and amino acids (Thorpe and Kim 1995; Kim and Miura 2004) . All acyl-CoA dehydrogenases form homotetramers, except for Very Long Chain acyl-CoA dehydrogenase, which forms a homodimer (Kim and Miura 2004) . Each monomer consists of the NM and C-terminal domains (Kim and Miura 2004) . There are 56 members in the NM family, participating in 186 nonredundant interactions. The localization of proteinbinding sites is m(F D ) = 0.71, which is significantly higher than the localization value of m R (F D ) = 0.40 expected by chance (S R = 0.01 and Z = 27.3). The cumulative binding map of the NM domains consists of the binding sites involved in interaction with the Cterminal domain and homo-oligomerization (Fig. 5A) .
Comparison of the sequences and structures of the NM domains shows significant variation among surface (33%-100%), binding site (30%-100%), and overall sequence identities (33%-100%) as well as C a RMSD (0.0-1.6 Å ).
The average values of surface (72%), binding site (72%), and overall sequence identities (70%) are high.
Example 2: C-type lectins
The family of C-type lectin domains (SCOP ID d.169.1.1) (Drickamer 1999; Dodd and Drickamer 2001; Nicholas and Hodgkin 2004; Vasta et al. 2004 ) contains 424 domains, 325 of which are interacting with other domains and participate in 665 nonredundant interactions in total. In contrast to alkaline phosphatases, the localization of the protein-binding sites in C-type lectins is significantly lower (m(F D ) = 0.24) than expected by chance (m R (F D ) = 0.53; s R = 0.07; Z = À10.6). The cumulative binding map consists of contact residues with low interaction density that are spread across the domain surface (Fig. 5B) . The poor localization is consistent with the known functional diversity of C-type lectins (Drickamer 1999; Vasta et al. 2004 ). Spe- As in the case of the NM domains of acyl-CoA dehydrogenases, sequence and structural comparisons of Ctype lectins reveal significant variation among surface (11%-100%), binding site (13%-100%), and overall sequence identities (16%-100%), with C a RMSD varying from 0.0 to 2.4 Å . The average values are lower than in the NM domain family: 56% for surface, 56% for binding site, and 55% for the overall sequence identities.
Discussion
We aimed to investigate whether protein-binding sites on homologous proteins share similar relative positions on their surfaces. To achieve this, we performed a comprehensive analysis of binary interactions for domains in 1847 SCOP families . For each domain family, we A family representative is shown in three projections as indicated, with the contact residues colored by interaction density d I . All known oligomer configurations are indicated schematically. Whereas most contact residues of the NM domains have high interaction density values and are located on one side of the representative domain, the contact residues of domains in the C-type lectin family have significantly lower interaction identity values and are scattered over the entire surface of the representative domain. There is one dimeric and one tetrameric configuration of the NM domains, while there are four dimeric configurations and one trimeric configuration of C-type lectins. Configurations D2 and D3 of C-type lectins, corresponding to Polyandrocarpa lectin and CD94, respectively, differ structurally at the interface and in their functions despite an appearance of overall structural similarity. Figure 6 . Obtaining the sample of nonredundant domain-domain interactions. Open and filled objects correspond to noninteracting and interacting domains, respectively. Filled objects of the same shape belong to the same SCOP family of interacting domains. Filled objects of the same shape and color are redundant with respect to each other. extracted the protein-binding sites of its members from PIBASE (Pieper et al. 2004; Davis and Sali 2005) and superposed them via a structural alignment of member structures. Next, we described the localization index of protein-binding sites and qualified it by three additional measures, including localization difference relative to a random localization, statistical significance of localization given random localization, and coverage of a new binding site by the previously known binding sites in the same family (Figs. 1, 2 ). In addition, we correlated the localization difference with common measures of sequence and structure divergence (Fig. 3) . We also described the localization index of multidomain assemblies ( Fig. 4; Table 1 ). We illustrated localization by two sample families at the extremes of the localization distribution ( Fig. 5; Table 2 ).
Of the 1847 domains analyzed, 554 and 144 exhibit significantly high and low localization of their proteinbinding sites, respectively (Fig. 2) . While only 28.1% of the 1847 families are enzymes, 71.8% of the families with higher localization than expected by chance are enzymes (Table 2) , as illustrated by the NM domains of acyl-CoA dehydrogenases (Fig. 5A ). This finding may be explained by the known preference of enzyme domains to interact with domains of the same family, often in a symmetric fashion, in order to avoid unwanted aggregation and perform cooperative binding functions (Goodsell and Olson 2000; Park et al. 2001) . On the other hand, low protein-binding site localization may be associated with functional or structural diversity of the family members, as illustrated by C-type lectins (Fig. 5B) . It is unlikely that poor localization is due to a larger number of family members; no correlation between family size and binding site localization was observed (data not shown).
Why does nature appear to favor localization of protein-binding sites on homologous proteins? We discuss the interplay of physics and evolution in creating localized binding sites that mediate binary protein interactions as well as higher-order complexes.
Evolution acts to preserve existing and generate novel biological functions. Preservation of a biological function mediated by a protein-protein interaction places constraints on sequence divergence, which tends to conserve the binding site location (Teichmann 2002) . Generation of a novel function could be bootstrapped by reusing a previously existing binding site, taking advantage of its physical properties that have been evolved to favorably mediate protein-protein interactions (DeLano et al. 2000) . Both scenarios result in a high binding site localization. Novel functions could also be mediated by binding through new surface regions of the proteins. This mechanism would lower the binding site localization of the protein family. Most proteins in modern cells appear to be symmetrical oligomeric complexes (Goodsell and Olson 2000) . Symmetry has been hypothesized to be favorable in the evolution of oligomeric proteins, as it facilitates the stability of association and provides fewer kinetic barriers to folding, compared to asymmetric complexes (Blundell and Srinivasan 1996; Wolynes 1996) . The symmetry of oligomeric proteins often implies symmetric interfaces formed by similarly located binding sites on all subunits, increasing the binding site localization. In addition, this use of similarly located binding sites can help to avoid unwanted aggregation, creating oligomers of defined copy number by imposing point group symmetry (Goodsell and Olson 2000) .
Sequence conservation appears to be insufficient for an accurate prediction of the protein-binding site location because sequence conservation in binding sites is not significantly different from the overall and surface sequence conservations (Fig. 3A) . Moreover, the absence of a significant correlation of the binding site localization with the average sequence and structural conservations in a family (Fig. 6B,C) suggests that localization may be a helpful measure for annotating functions of interacting domains, complementing the sequence and structural similarities of binding sites. For example, the binding interface, surface, and overall sequence residues in the NM domains of acyl-CoA dehydrogenases do not vary significantly, and the protein-binding sites are well localized on the same surface region (Fig. 5A) , which is consistent with the conservation of the oligomer configuration and the biological function of the family members. In contrast, the family of C-type lectins, containing homologs with sequence and structure variabilities comparable to the NM domains, has extremely poor localization of the protein-binding sites (Fig. 5B) . The poor localization is consistent with considerable variation in the functions of C-type lectins. The lack of correlation of the localization with sequence and structure divergence suggests the difficulty of ab initio prediction of binding site localization when only few or no interaction data are available.
When analyzing the relationship between the localization of a family and the number of distinct families interacting with it, one would intuitively expect a decrease in the average localization with an increase in the number of interacting families. However, a shift in the distributions of localization differences for the families interacting with one, two, three, and four, as well as five and more families was not observed (Fig. 6D) . This suggests that a protein may employ the same binding site for interactions with domains from different families. In the future, we will explore this relationship in light of the evolutionary age of a domain family.
Knowledge of domain-domain interactions would provide helpful spatial restraints for modeling the arrangement of structurally defined domains into a multidomain assembly (Wodak and Mendez 2004) . It is possible to build a structural model of a binary complex by comparative modeling when the structure of a complex of homologous domains is available. If the whole complex structure is not known, but structures of the homologs of the individual domains comprising the complex are available, then building a model of the complex raises the following question: Does homology of the pair of interacting domains imply similarity of interaction? This question can be addressed by studying the sequence conservation, structure conservation, and localization of binding sites, as well as the sequence and structure conservation of the interfaces within a family of protein homologs (Camacho and Vajda 2002; Aloy et al. 2003; Lu et al. 2003) . Knowledge of binding site localization can also provide guidance in the modeling of protein assembly structures by highlighting the likely locations of protein-binding sites. The distribution of the localization differences for the domain families contributing to an assembly narrows with an increase in the number of domain families, with an average assembly localization difference remaining constant at a fairly low value of 0.04 (Fig. 4) . The assembly localization index could be used to select a benchmark set of multidomain assembly structures for an assessment of protein docking methods. Assemblies with high localization indices contain domains with highly localized binding sites that may restrict the possible configurations of the interacting domains. As a result, these assembly structures are expected to be easier to model. In summary, we determined the localization of proteinbinding sites within families of homologous proteins. We found that 30% of SCOP domain families have binding sites with localization values significantly greater than expected by chance, whereas only 8% of the families have significantly low localization (|Z| > 4.0). The localization is expected to be a helpful criterion for investigating associations between primary, tertiary, and quaternary structures as well as their functions from an evolutionary point of view (Fig. 5) . In future work, we will use localization to facilitate derivation of spatial restraints on the relative orientation of pairs of interacting domains that will be used in the modeling of quaternary structure.
Materials and methods
Our goal was to determine whether protein-binding sites on homologous proteins share similar relative positions on their surfaces. To achieve this, we first identified a nonredundant set of protein-binding sites for each SCOP family of homologous structures (Murzin et al. 1995) represented in PIBASE (Fig. 6 ) (Pieper et al. 2004; Davis and Sali 2005) . Second, we mapped the protein-binding sites onto a family representative using structure-based alignments between each of the family members and the representative. Third, we defined a measure of the binding site localization and further characterized it by (1) the difference between the binding site localization and localization expected by chance, (2) statistical significance of the localization, and (3) the binding site coverage that determines the likelihood of a protein-binding site to overlap with the previously obtained set of binding sites.
Definitions
An ''interacting domain'' has at least one residue in contact with a residue of another domain. Residue r 1 of one domain is in contact with residue r 2 of another domain if it has at least one atom within 5.5 Å of an atom of r 2 . A domain-domain ''interaction'' is defined by a triple (D 1 , D 2 , O) , where D 1 and D 2 are the two interacting domains, and O is their relative orientation. Given an interaction (D 1 , D 2 , O), the protein ''binding site'' of D 1 is the set of all residues of D 1 that are in contact with any residue of D 2 . The protein-binding site of its partner, D 2 , is defined similarly. The ''cumulative binding surface'' of a domain is the set of all residues of all proteinbinding sites from all known interactions of the domain. Given an interaction (D 1 , D 2 , O) , the ''interface'' is the triple (B 1 , B 2 , O B ) , where B 1 is the protein-binding site of D 1 , B 2 is the protein-binding site of D 2 , and O B is the relative orientation of the binding sites (Fig. 7A ).
Domain-domain interaction sample
Before our analysis of the localization of protein-binding sites, the protein structures needed to be divided into families of homologous domains. Several schemes define protein domain boundaries as well as classify them, based on sequence and/or structure information (Murzin et al. 1995; Orengo et al. 1997; Holm and Sander 1998; Mulder et al. 2003) . For the present study, the Structural Classification of Proteins (SCOP) was chosen (Murzin et al. 1995) . SCOP identifies and classifies protein structure domains based on evolutionary and structural relationships. It defines a four-level hierarchy (classes, folds, superfamilies, and families), of which we used the most detailed level, the family. Domains that belong to the same SCOP family usually share at least 30% sequence identity or the same biological function. SCOP families that are inappropriate for our analysis, including low-resolution protein structures, peptides, and designed, small, and coiled-coil proteins (classes g-k in the SCOP classification) were removed. In addition, we removed all domain structures with only backbone coordinates or with less than 30 residues.
The initial set of binary domain interfaces for each SCOP domain family was obtained from PIBASE (Pieper et al. 2004; Davis and Sali 2005) , our comprehensive relational database of all structurally characterized interfaces between pairs of protein domains. The domain-domain interfaces in PIBASE are extracted from protein structures in the Protein Data Bank (PDB) (Westbrook et al. 2002) and Protein Quaternary Structure (PQS) server (Henrick and Thornton 1998) using domain definitions from the SCOP and CATH domain classification systems (Murzin et al. 1995; Orengo et al. 1997 ). There are 121,169 binary domain interactions of known structure between 85,366 domains from 1910 SCOP families (Fig. 8A) .
To obtain the final sample of pairwise domain interactions for our analysis, we removed redundant interactions from the initial set of the 121,169 interactions. No interaction in the final nonredundant set has more than a specified level of similarity to any other interaction in the nonredundant set. This similarity filter is triggered when both the sequences of the constituent domains as well as the structures of the two compared interfaces are too similar. The domain similarity filter is triggered at 90% sequence identity. The interface similarity filter is triggered when two interfaces associated with the same PDB code (i.e., the original PDB entry and any PQS derivative structures) are clustered in PIBASE using the number of interface residues, buried surface area, and residue-type contacts (Davis and Sali 2005) ; interface similarity across PDB entries is not considered. Also, we retained only those SCOP families with at least two interactions. The final nonredundant sample contains 79,354 interactions between 74,204 domains from 1847 SCOP families (Fig. 8B) .
Structural superposition of protein-binding sites on a representative structure
To study the localization of binding sites for each domain family, we needed to obtain their structural superposition. First, each of the domain family members was superposed on an arbitrarily chosen family representative. The choice of the representative domain is inconsequential for a statistical study of the localization because the members of a SCOP family generally share high structural similarity. The structure-based alignment was performed using DaliLite, which uses a Monte Carlo procedure to find the best alignment by optimizing a similarity score defined in terms of equivalent intramolecular distances (Holm and Park 2000) . Then, the binding sites of each family member were mapped onto the representative structure, using the DaliLite alignment. A ''binding map'' is a mapping of a single binding site of one of the family members onto the representative structure. A ''cumulative binding map'' is the union of binding maps of all members of the domain family.
Binding site localization
For each residue position r of the representative structure, the interaction density function, d I (r), is defined as the normalized number of members in the same family whose binding site residues align with residue position r:
where N BS (r) is the number of binding sites at the residue position r, and max r (N BS (r)) is the maximal number of overlapping binding maps in this family (Fig. 7B) . Next, the ''localization index'' of binding sites in a family, F, of interacting domains is calculated as an average interaction density for all contact residues:
where CR is the set of size N CR of all contact residues that are mapped onto the representative structure. When all interactions occur via the same region of the domain surface, m(F) reaches its maximum value of 1. In contrast, when each interaction occurs via a different nonoverlapping binding site, m(F) approaches its minimum (greater than zero).
Characterization of localization
We assess a given localization value m(F) with the aid of a distribution of localization values expected by chance. The ''localization difference'' estimates the degree to which the protein-binding sites in a family are localized as opposed to dispersed, compared to what is expected by chance, and is defined as:
where m(F) is the localization index of known protein-binding sites in a family F and m R (F) is the mean of the localization indices for 50 randomly distributed sets of proteinbinding sites on the surface of a family representative. The ''significance of localization'' determines how atypical the real distribution of the binding sites on the protein surface is, compared to the random distribution. As a measure of the statistical significance of localization, we used the Zscore defined by the sample of localization indices for each family F:
where s R (F) is the standard deviation of the localization index for 50 randomly distributed sets of protein-binding sites on the surface of a family representative. Each random distribution of protein-binding sites was generated using the following protocol.
For each family, we first calculated three parameters: N F , the average number of contiguous fragments per each protein-binding site; N BS , the total number of binding sites for the family; and N A , the average number of exposed atoms per each binding site. Then, we created a set of random binding sites that has the same N F , N BS , and N A as the set of the actual binding sites in the family. More specifically, we define (N BS N F ) contiguous fragments on the surface of the representative, each of N A atoms, by the MODELLER's subroutine MAKE_REGION (Sali and Blundell 1993; Marti-Renom et al. 2000) ; this routine constructs a contiguous patch of exposed atoms of the specified size by first picking the seed atom randomly among the exposed atoms, and then iteratively adding the exposed atom that is closest to the gravity center of the currently selected patch atoms. The ''binding site coverage'' determines the likelihood of a protein-binding site for a new family member to overlap with the cumulative binding map previously obtained for that family. Given a protein-binding site B and the cumulative binding map BM, the binding site coverage is:
where N(B) is the number of residues in binding site B, N(BM) is the number of distinct residues in binding map BM, and N(B \BM) is the number of residue positions of that overlap with the residue positions of BM. To estimate the binding site coverage for each family, we used a jackknife procedure (Quenouille 1949) . Given a family of n domains, the cumulative binding map is obtained for n subsets, each containing (n À 1) domains, and overlapped with the protein-binding site of the remaining n-th member. The binding site coverage, a(F), is then estimated as the average of the binding site coverage values for each of the subsets of size (n À 1). Due to the high computational load of this calculation, we limited the jackknife calculation to 10 subsets for n>10. Next, we defined the localization index for an assembly of domains as the average localization difference of all domains participating in the assembly:
where N D is the number of domains comprising assembly A, and the sum is taken over all domains. Finally, to compare binding site localization with sequence and structure conservation, we calculated average values of the following four parameters for the pairs of all domains participating in nonredundant interactions in each SCOP family: RMSD for C a atoms, overall sequence identity, sequence identity of surface residues, and sequence identity of binding site residues. We employed the same protocol that was used to calculate the localization, including the same set of family members, same family representative, and the same allto-one pairwise structural alignment scheme using DaliLite. To calculate the surface identity, we first calculated the surface exposure of all residues using MODELLER (the fractional residue solvent accessibility cutoff is 20%) and then filtered out buried residues from the DaliLite alignment. To calculate the binding site identity, we used the family cumulative binding map, previously calculated for the localization analysis, to filter out from the DaliLite alignment those residues whose localization index is less than 0.1.
